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(54) Receiver baaed congestion control and congestion notification from router 



(57) In a router (30) in a network comprising a 
sourcs node (10), and a receiver node (20), and other 
nodes, a congestion monitor determines a degree of 
congestion, which is sent back to the source node, using 
an OSI network layer protocol. This enables the flow of 
packets from the source to be controlled more accurate- 
ly to maintain high throughput with reduced probability 
of congestion. Using the network layer rather than lower 



layers can ensure the indication can be carried across 
the entire network. The receiving host determines if the 
packet has been marked by any of the nodes on its path, 
to indicate congestion, e.g. by checking the CE bit in an 
IP header. A packet flow control parameter is generated 
at the receiving side, and sent to the source with the 
packet acknowledgment. This can reduce control loop 
delays compared to calculating congestion level by 
counting acknowledgments received at the source. 
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Description 

Background to the Invention 
Field of the Invention 

[0001] The invention relates to packet routing appa- 
ratus for routing packets in a network, to source appa- 
ratus lor use in a packet network, to methods of process- 
ing packets in a network, to receiver apparatus for use 
in a packet networks, to source node apparatus for use 
in Internet Protocol networks, to methods of processing 
packets in Internet Protocol networks, and to corre- 
sponding software. 

Background art 



[0002] Congestion in packet networks may occur for 
example at routers where flows converge from different 
sources. As complicated networks may consist of nu- 
merous different end systems (sources and receivers), 
routers, and links, it is usually impossible to match their 
capacities perfectly. Accordingly, congestion will occur 
where more packets are received than can be handled. 
Various ways of handling congestion are known. At the 
simplest level, buffering is provided to handle temporary 
. overloads. For longer overloads, flow control mecha- 
nisms are provided, to enable downstream elements to 
cause the source to reduce the rate of sending packets. 
[0003] If a buffer overflows before the source reduces 
the flow, then packets will be discarded. The source may 
eventually detect that these packets have not been ac- 
knowledged, and retransmit them. This can make the 
congestion worse, and lead to complete collapse of the 
network. On the other hand, if the flow control is made 
too strong to avoid such a collapse, the throughput of 
the network may be very low, thus making inefficient use 
of resources. 

[0004] Other mechanisms to improve efficiency in- 
clude admission control, preallocation of buffers, and 
delay sensitive routing, to avoid congested regions. 
[0005] Flow control relies on some sort of notification 
of congestion. This may be implicit or explicit. Conges- 
tion can be inferred for example from detecting at the 
source that packets have been discarded downstream, 
or detecting delays in the time taken for a packet to ar- 
rive. However, with such methods there may be a con- 
siderable lag between the congestion occurring, and it 
being detected. Also, it is possible that the packets were 
discarded or delayed for reasons other than congestion, 
e.g. link failure, or erroneous routing. Accordingly, ex- 
plicit congestion notification mechanisms have been 
used. One method is described in US patent 5,377,327 
(Jain et al) in the context o1 a system in which at inter- 
mediate nodes, a flow is allocated a share of the capac- 
ity. If the allocation is exceeded, a flag is set in each 
packet. The flags may be counted and if the proportion 
of packets with the flag set exceeds a threshold, then 



the flow from the source is adjusted. 
[0006] Another example is in Frame Reliay, a data link 
layer protocol which has both forward explicit conges- 
tion notification (FECN) for notifying the receiver, and 
5 backward explicit congestion notification for notifying 
the source directly. ATM also has an FECN mechanism. 
The Internet Protocols (IP) also include an FECN and a 
BECN mechanism. The BECN mechanism is in the form 
of an Internet Control Message Protocol (ICMP) mes- 
10 sage called the ICMP Source Quench (ISQ) message. 
However, it is currently recommended that this message 
not be used, as it may consume too much bandwidth, 
and thus contribute to the congestion, and is unfair and 
ineffective in determining which of multiple flows should 
is be limited. 

[0007] It has been proposed that I SQs be used In con- 
junction with random early detection (RED) routers, to 
enable the rate of sending ISQs to be limited, and reflect 
how much each flow is contributing to the congestion. 
20 However, this has not been adopted, and instead, cur- 
rent practice in TCP/IP (Transport Control Protocol/In- 
ternet Protocol) involves using TCP, a transport layer 
protocol, to determine either lost packets or increases 
in delays using a timeout mechanism, or determining in- 
25 creases in delays, by timing the acknowledgment sent 
back by the TCP receiver. This enables the TCP sender 
to infer congestion and react by reducing its window for 
that flow, that is, the number of packets it can send to- 
wards a given receiver before it must wait for acknowl- 
30 edgments from the receiver. 

[0008] Floyd [Sig94 paper "TCP and Explicit Conges- 
tion Notification"] discloses a methodology for doing 
ECN for IP [and later in an IETF draft, Nov 1997]. Floyd 
suggests the use of RED gateways to detect incipient 
3S congestion before the queue overflows. The congestion 
causing packets are marked on their way to the receiver 
end system (from the sender end system), with a prob- 
ability proportional to their bandwidth usage, using the 
CE (Congestion Experienced) bit in the IP header. . 
40 When the receiver end system receives the congestion 
causing packet they inform the sender end system to 
slow down when ACKing that packet by setting the ECE 
(Explicit Congestion Echo) bit in the TCP header. 
[0009] The use of ECN capable gateways for notifying 
45 end systems prevents unnecessary packet drops. In the 
ideal situation where everyone supports ECN at the end 
system as well as at the intermediate nodes, sources 
are now informed quickly and unambiguously that there 
is congestion in the network and therefore do not have 
so to rely on extrapolating that condition.. Floyd also sug- 
gests that with the use of tagging congestion-causing 
packets, other types of networks that the IP packet 
traverses e.g. ATM can employ their own congestion 
control algorithms as well as have the ability to mark 
ss congestion causing packets. 
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Summary of the Invention 

[0010] It is an object of the invention to provide im- 
proved methods and apparatus. 

[0011] According to a first aspect of the invention 5 
there is provided a packet routing apparatus for routing 
packets in a network comprising a source node, and a 
receiver node, and other nodes, the routing apparatus 
comprising: 

input means for receiving a packet passed across 
the network from the source node; 
a congestion monitor for determining a degree of 
congestion at the routing apparatus; and 
output means coupled to the input means and to the 
congestion monitor , for sending an indication of 
this degree of congestion to the source node, using 
an OSI network layer protocol. 

[0012] An advantage of sending an indication of the 
degree of congestion is that the flow of packets from the 
source can be controlled more accurately to maintain 
high throughput with reduced probability of congestion. 
An advantage of sending it straight back to the source 
rather than using the packet to carry the information on 
to the receiver then returned to the source, is the speed 
of response. The combination of speed and graded con- 
gestion information work together to enable the proba- 
bility of severe congestion to be effectively reduced. An 
advantage of sending the indication at the network layer 
rather than higher layers is that the mechanism is not 
tied to any particular higher layer protocol. An advan- 
tage of sending at the network layer rather than lower 
layers is that it can ensure the indication can be carried 
across the entire network, and not be lost at boundaries 
between data links making up the network. Further- 
more, as the receiver need not be involved in the con- 
gestion notification, there is no need for it to be ECN 
capable, and thus there is no need for a negotiation of 
ECN capability at flow set up time. 
[001 3] Preferably, the network layer protocol is an In- 
ternet Protocol. 

[0014] Preferably the Internet Protocol used is the In- 
ternet Control Message Protocol Source Quench mes- 
sage. 

[001 5] Preferably the indication to the source is made 
proportional to how much the packets from the source 
contribute to the congestion, relative to packets from 
other nodes. 

[0016] An advantage of this is that flow control fair- 
ness and effectiveness in preempting congestion can 
be improved, if the nodes sending most packets can be 
controlled to reduce their flow most, or first. 
[0017] Preferably the routing apparatus further com- 
prises an output rate adapter for making the indication 
proportional by adapting the rate of sending indications. 
[0018] Preferably the routing apparatus further com- 
prises a packet queue, the congestion monitor being ar- 



ranged to operate according to how full is the packet 
queue. 

[0019] An advantage of this is that it is easy to meas- 
ure, and can enable queue overflow to be predicted and 
prevented. 

[0020] Preferably the routing apparatus further com- 
prises a packet marker means for marking the packet to 
indicate it has experienced congestion. 
[0021] An advantage of this is that it can enable the 
receiver learn of congestion, and thus perhaps contrib- 
ute towards solving it, e.g. by assisting in flow control. 
A further advantage of this is that it can improve com- 
patibility with other nodes using different congestion no- 
tification methods. Furthermore, it enables subsequent 
nodes to suppress sending their congestion indications 
back to the source, if they know one has already been 
sent for that packet. This can reduce the bandwidth used 
by sending such indications, which would otherwise 
contribute to the congestion. 

[0022] Preferably the routing apparatus further com- 
prises means for determining from the packet, if it has 
previously triggered a sending, to the source node, of 
an indication of congestion, the output means being op- 
erable according to whether such an indication had 
been sent previously. 

[0023] This can reduce the bandwidth used by send- 
ing such indications, which would otherwise contribute 
to the congestion. 

[0024] Another aspect of the invention provides a 
source apparatus as set out in claim 9. 
[0025] Another aspect of the invention provides a 
method of processing packets as set out in claim 10. 
[0026] Preferably the method further comprises the 
steps of claim 1 1 . 

[0027] Another aspect of the invention provides a 
method of processing packets as set out in claim 12. 
[0028] Preferably the method further comprises the 
step of receiving from the receiver node a flow control 
message, the step of controlling the flow of further pack- 
ets being made also on the basis of this flow control 
message. 

[0029] Another aspect of the invention provides pack- 
et routing apparatus as set out in claim 14. 
[0030] An advantage of making sending the indication 
to the source node dependent on whether one has been 
sent previously, is that any addition to the congestion by 
sending the indications, can be reduced. This is partic- 
ularly desirable in instances where there is congestion 
at multiple nodes, in which case, sending multiple indi- 
cations may be avoided. 

[0031] Another aspect of the invention provides a 
method of processing packets as set out in claim 15. 
[0032] Preferably the packet is an Internet Protocol 
packet, and the step of determining from the packet, if 
it has previously triggered a sending of an indication 
comprising checking the Congestion Experienced bit in 
the packet header. 

[0033] Preferably, the step of sending an indication is 
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not carried out if the indication had been sent previously, 
unless the routing apparatus discards the packet 
[0034] Another aspect of the invention provides soft- 
ware stored on a computer readable medium for carry- 
ing out the above methods. 

[0035] According to another aspect of the invention 
there is provided a receiver apparatus for use in an In- 
ternet Protocor network'comprising a plurality of nodes, 
the apparatus comprising: 

input means for receiving a packet sent across the 
network using the Internet Protocol; 
packet reading means for determining if the packet 
has been marked according to the Internet Protocol 
by any of the nodes through which it passed, to in- 
dicate congestion at that node; 
a packet flow control parameter generator respon- 
sive to the packet reading means, for determining 
a packet flow control parameter; and 
output means for sending a message to the source, 
to control the flow of packets from the source, ac- 
cording to the packet flow control parameter. 

[0036] An advantage of enabling the receiver to con- 
tribute to the flow control is that it can reduce control 
loop delays caused by waiting at the source for a 
number of acknowledgments to arrive. Also, it can im- 
prove reliability since it enables the receiver to force a 
rogue source to slow its flow ol packets, A further ad- 
vantage is that the receiver may be aware of different 
local information and or conditions to those of the 
source, or may have a more up to date control algorithm, 
so overall effectiveness of the flow control may be im- 
proved if it is adapted by the receiver. 
[0037] Preferably, the sending means is arranged to 
send the packet flow control parameter in the message. 
[0038] An advantage of this is that the receiver may 
have more direct control over the flow. 
[0039] Preferably, the messaige is an acknowledge- 
ment of receipt of the packet. 

[0040] An advantage of this is that it helps keep the 
number of packets returned to the source, to a minimum. 
Furthermore, since many protocols already cater for 
sending acknowledgements, in many cases it will be 
easy to adapt them in this way, and there may be no 
additional bandwidth taken up by the message. 
[0041] Preferably, the message is an acknowledge- 
ment of receipt of the packet, and the output means is 
arranged to delay the acknowledgement on the basis of 
the packet flow control parameter. 
[0042] An advantage of this is that the receiver can 
enter the control loop with little or no modification to the 
source if it is already arranged to carry out flow control 
on the basis of acknowledgements received in a given 
time period. Hence this may give better backward com- 
patibility. 

[0043] Preferably the packet flow control parameter 
generator is arranged to be dependent additionally on 



whether preceding packets were marked - 

[0044] This enables the control to be more steady in 

response to transient congestion for example. 

[0045] Preferably the packet flow control parameter 

s comprises an offered window size, for indicating to the 
source node how many packets can be sent before the 
source should wait for an acknowledgement from the 

^ receiver. ' - - • t, <"" 

[0046] An advantage of using this parameter is that 

10 existing apparatus is arranged to negotiate window size 
as part of flow set up, and so can be adapted more easily 
to this new arrangement. 

[0047] Preferably the message is an acknowledge- 
ment of receipt of the packet, the output means being 
1 s arranged to send the same packet flow control param- 
eter again in an acknowledgement sent In response to 
a subsequent packet. 

[0048] An advantage of this is that it may reduce the 
risk of flow control being affected by the acknowledge- 
20 ments being delayed or lost in transit. 

[0049] Preferably the packet flow control parameter 
generator is operable according to redefinable parame- 
• tere. 

[0050] Ah advantage of this is that the flow control can 
2S be updated or tailored more easily. 

[0051] Preferably the packet flow control parameter 
generator is operable additionally according to a receiv- 
er specific parameter. 

[0052] This enables different receivers to control the 
30 flow to suit their local conditions better. 

[0053] Another aspect of the invention provides a 
source node apparatus for use in an Internet Protocol 
network comprising a plurality of nodes, the apparatus 
comprising: . 

35 

a packet sending means for sending a packet using 
across the Internet Protocol network to one of the 
nodes acting as a receiving node; 
a receiver for receiving from the receiving node a 
40 packet flow control parameter sent across the Inter- 
net Protocol network; and 

a flow controller coupled to the packet sending 
means for controlling a rate of flow of sending fur- 
ther packets from the sending means to the receiv- 
45 ing node on the basis of the packet flow control pa- 
rameter. 

[0054] Preferably the receiver is capable of receiving 
congestion notification messages from other nodes in 
so the path of the packet between the source node and the 
receiving node, the flow controller being operable to 
control the rate of flow on the basis of the congestion 
notification messages received from the other nodes. 
[0055] Another aspect of the invention provides a 
55 method of processing packets in an Internet Protocol 
network comprising a receiver node, a source node and 
intermediate nodes, the method comprising the steps 
of: at the receiver node, 
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tions of elements in a TCP/IP network correspond- 
ing to that shown in FIGURE 1 , according to an em- 
bodiment of the invention showing sending a con- 
gestion level in an ISQ; 
5 FIGURE 5A shows parts of a RED process in a rout- 
er carrying out the actions of FIGURE 4; 
FIGURE SB shows parts of an ISQ send process in 
a router carrying out actions of FIGURE 4; 
FIGURE 6 shows an example of flow control actions 

*o of FIGURE 4 of a TCP source receiving an ISQ; 

FIGURE 7 shows in sequence chart form the ac- 
tions of elements in a TCP/IP network correspond- 
ing to that shown in FIGURE 1 , according to another 
embodiment of the invention showing determining 
window size at the receiver; 
FIGURE 8 shows an example of flow control actions 
of FIGURE 7 of the TCP receiver; 
FIGURE 9 shows an example of flow control actions 
of FIGURE 7 of the TCP source; 

20 FIGURE 1 0 shows in sequence chart form the ac- 
tions of elements in a TCP/IP network correspond- 
ing to that shown in FIGURE 1 , according to another 
embodiment of the invention showing delaying ACK 
at the receiver; and 

25 FIGURE 11 shows an example of flow control ac- 
tions of FIGURE 4,7 or 1 0 of a TCP source receiving 
an ACK with the ECN notify bit set. 

Detailed Description 

30 

FIGURES 1-3, prior art 



receiving a packet sent across the network using 
the Internet Protocol; 

determining if the packet has been marked by any 
of the nodes through which it passed, to indicate 
congestion at that node; 

determining a packet flow control parameter on the 
basis of the determination of a marking; and 
sending a message to the source node across the 
Internet Protocol network, to control the flow of 
packets from the source node, according to the 
packet flow control parameter. 

[0056] Preferably the method further comprises the 
steps of. at the source node, 

receiving the message; and 

controlling a rate of flow of sending further packets 

to the receiving node on the basis of the message. 

[0057] Preferably the message contains the packet 
flow control parameter, the controlling step being made 
on the basis of the parameter. 

[0058] Preferably the method, further comprises the 
step of delaying sending the message from the receiver 
node, on the basis of the flow control parameter, the flow 
controlling step being made by the source on the basis 
of the time of arrival of the message. 
[0059] Preferably the method further comprises the 
preliminary step of determining if the intermediate nodes 
are abletosend congestion notification messages to the 
source node, the step of determining the flow control pa- 
rameter at the receiver being carried out on the basis of 
whether the intermediate nodes are capable of sending 
congestion notification messages to the source. 
[0060] Preferably a method uses an application to 
transmit data across a network, the application causing 
the network to use a receiver apparatus as set out above 
to transmit the data. 

[0061] Another aspect of the invention provides soft- 
ware on a computer readable medium for carrying out 
the above methods. 

[0062] Any of the preferred features may be com- . 
bined, and combined with any aspect of the invention, 
as would be apparent to a person skilled in the art. Other 
advantages will be apparent to a person skilled in the 
art, particularly in relation to prior art other than that 
mentioned above. 

[0063] To show, by way of example, how to put the 
invention into practice, embodiments will now be de- 
scribed in more detail, with reference to the accompa- 
nying drawings. 

Brief Description of Drawings 
[0064] 

FIGURES 1 to 3 show known arrangements; 
FIGURE 4 shows in sequence chart form the ac- 



[0065] FIGURE 1 shows in schematic form some of 
the principal elements in a network using TCP/IP. A host 

35 A, 10 is being used to send data to another host B,20, 
across an IP network. An application running on host A, 
or remotely, delivers the data to be transmitted to a TCP 
source endpoint, 50. This passes the data to IP source 
functions 60. The source functions send IP data packets 

40 to an IP router A,30. The packets are routed via another 
IP router B.40, and eventually reach the IP receiver 
functions 80 on host B. The IP receiver functions 80 de- 
multiplex the IP packets and pass the data to the TCP 
receiver endpoint 70 in the host B. The TCP receiver 

4S transfers the data to higher level software in the host B. 
[0066] As indicated by the vertical arrows to the IP 
routers A and B, 30 and 40, many other paths may con- 
verge at the routers. Queues 90 are provided, to handle 
transient congestion. In practice there may be many 

50 more than three hops between source and receiver. 
TCP/I P is shown as an example, but there are many oth- 
er protocols for which a similar arrangement would ap- 
ply, both in OSI layers 4 and 3 respectively, and in other 
layers. 

55 [0067] FIGURE 2 6how6 some of the principal actions 
of each of the elements of FIGURE 1, for the proposal 
mentioned above that ISQ messages be used as a con- 
gestion notification system. The TCP source sends data 
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via the IP source to router A. If there is severe conges- 
tion at router A, the packet may be discarded. If the rout- 
er detects incipient congestion, an ISO is sent back to 
the IP source. The IP source will interpret the ISQ and 
pass an indication up to the TCP source functions, no- 
tifying of the congestion at router AV on the flow to the 
TCP receiver at host B. 

[0068] | The TCP source functions react by reducing 
the window to control the flow If the packet is not dis- 
carded by router A. it is forwarded on via router B to the 
IP receiver and ultimately to the TCP receiver. The TCP 
receiver sends an acknowledgement back to the TCP 
source. 

[0069] FIGURE 3 shows an example of the above- 
mentioned proposal by Floyd. Again the actions of the 
principal elements of figure 1 are shown. There may be 
an initialnegotiationbeforeflowstarts, between the TCP 
source and the TCP receiver. The source may query if 
the TCP receiver is ECN capable. If the TCP receiver 
replies positively, e.g., by using the ECN notify bit (also 
called the ECN-ECHO bit) in the SYN packet or the 
SYN-ACK packet. 

[0070] If both TCP source and TCP receiver are ECN 
capable, the TCP source instructs the IP source to set 
the ECT bit in the IP header of data packets for that flow. 
If the router A detects incipient congestion, it may either 
discard the packet, if the congestion is too severe, or, if 
less severe, it can mark the packet by setting the CE bit 
in the IP header. When a marked packet is received by 
the IP receiver, it will notify the TCP receiver of the con- 
gestion notification. The TCP receiver will then send an 
ACK with the ECN notify bit set. This is sent back to the 
TCP source, which reacts by reducing the window size 
to control the flow. The source does not respond to fur- 
ther ECN ACKs until the end of that window. 
[0071] If no ACK is received for any reason, e.g., rout- 
er A has discarded the packet, after a time-out, the TCP 
source retransmits the packet 

[0072] If a packet is received at the source with ECN- 
notify set in the TCP header then the source knows that 
there is network congestion and reacts by halving both 
the congestion window, cwnd and the slow start thresh- 
old value, ssthresh. 

[0073] The source does not react to ECN more than 
once per window. Upon receipt of an ECN-notify packet 
at time t, it notes the packets that are outstanding at that 
time (sent but not yet acked, snd_una) and waits until a 
time u when they have all been acknowledged before 
reacting to a new ECN message. The sender does not 
increase the congestion window in response to an ACK 
if the ECN-notify bit is set. Incoming acks will still be 
used to clock out data if the congestion window allows 
it. TCP still follows existing algorithms for sending data 
packets in response to incoming ACKs, multiple dupli- 
cate ACKs or retransmit timeouts. 



FIGURE 4 - embodiment using ISQ 

[0074] FIGURE 4 shows the actions of elements in a 
TCP/IP network corresponding to that shown in FIG- 
s URE 1 . The TCP source sends a data to the IP source, 
v^ich sends it in the form of IP packets to router A. Rout- 
er A determines the degree of congestion. It discards 
the packet if ingestion is •very severerand sends an 
ISQ back to the IP source. For other levels of conges- 
10 tion. it sends an ISQ to the source indicating the level 
of congestion, and marks the packet by setting the CE 
bit, before passing it on to router B. Router B does the 
same exceptthat if the packet was marked by a preced- 
ing router, it does not send a further ISQ, since the TCP 
is source has already been alerted by the first ISQ. An ex- 
ception is where the congestion is more severe in IP 
router B. For example, if the packet is discarded at IP 
router B, then sending an ISQ from router B to TCP 
source may be justified, to enable more drastic flow con- 
20 trol to be implemented if desired. 

[0075] The I P receiver, unlike the prior art case shown 
in figure 3, does not need to be ECN capable, since the 
ISQnotification is enough for flow control. Nevertheless, 
if the receiver is ECN capable, perhaps for compatibility, 
2S it would detect whether the CE bit and ECT bit are set 
in the IP header, and notify the TCP receiver of the con- 
gestion indicated by these bits. As in FIGURE 3, the 
TCP receiver sends an ACK with the ECN notify bit set, 
back to the TCP source. This may or may not be used 
30 by the source; in addition to the notification from the 
ISQs As will be discussed in more detail below, the TCP 
source will control me flow of packets by reducing Its 
window, according to the level of congestion indicated 
in the ISQ. If it can also control the flow according to 
35 whether ACK packets received have their ECN notify bit 
set or not, it may be advantageous, for compatibility with 
intermediate router nodes which cannot send ISQs. 



40 



FIGURES 5A,6B - example of router actions of 
FIGURE 4 



[0076] FIGURES 5A and 5B show in more detail two 
processes happening inside the router in the embodi- 
ment of FIGURE 4: Firstly a random early detection 

45 (RED) process, and secondly an ISQ sending process, 
which may be invoked by the RED process. The RED 
process is an example of a congestion monitor. It is 
known and well documented, and need not be described 
here in detail. It monitors average queue lengths using 

so a low pass filter . Many other methods could be used. 
The ISQ is an example of a mechanism for sending an 
indication of this degree of congestion to the source 
node, using an OSI network layer protocol. Other mech- 
anisms can be used for this and other protocols. 

55 [0077] In the RED process, at 200, an incoming pack- 
et arrives. At 210 the process determines if the average 
queue length is greater than a predetermined maximum 
threshold. If so, the packet may be discarded and the 
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ISQ sending process invoked. ^ v 

[0078] Otherwise, at 230, it is determined if the aver- 
age queue length is greater than a minimum threshold. 
If so, again, the ISQ sending process may be invoked, 
at 240, depending on whether the packet, is chosen by 
the RED process for marking, 250. Only a proportion of 
packets are marked at this stage. The proportion is 
made dependent- on the relative -bandwidth used by 
each flow. This is designed to improve the fairness of 
the congestion notification, and make the overall flow 
control for many paths, more stable. This is one example 
of a mechanism for making the indication to the source 
proportional to how much the packets from the source 
contribute to the congestion, relative to packets from 
other nodes. Other examples, can be used to achieve 
the same advantage, either based on sending messag- 
es selectively, i.e. limiting the rate of sending indications, 
or by other methods, such as ^indicating explicitly in the 
indication, and/ or the marking, what is the proportion of 
the congestion attributable to a given flow; or connec- 
tion,, . , ,. , % . ,.: 

[007?] At 260, the packet is placed in an appropriate 
queue in the router. This also takes place if the average 
queue size is less than the minimum threshold. 
[0080] The ISQ send process begins at 270 by check- 
ing if the CE bit has been set previously. If not, at 280, 
a congestion level index is derived from the congestion 
level in the router, obtained by the RED process from 
the size of the queues. At 290 the packet source address 
is obtained, and the iSQ generated using the packet 
source address and the congestion level index. There 
is an unused 32 bit field in the ISQ which can be used 
for the level index. It is sent back to the IP source, and 
the process retu ms at 31 0. 

[0081] If the GE bit has been set previously, at 320, it 
is determined if the packet has been dropped by the 
RED process. If not, the process returns. Otherwise, the 
congestion level index is set at a maximum, eight in this 
case, and the ISQ is generated and sent on the basis of 
this index and the packet source address. This means 
where there are multiple congested routers in the path, 
they will be dealt with in order, starting with the one clos- 
est to the source. Any bias in this will be mitigated by 
having an i SQ sent if a second or subsequent congested 
router discards a packet. This will contribute to the flow 
control at the source. If more balance is warranted, 
downstream routers could be allowed to send ISQs in 
some circumstances when they are not discarding a 
packet, but they find the CE bit already set. 

FIGURE 6 - TCP source response to ISQ 

[0082] FIGURE 6 shows in more detail the actions of 
aTCP source in the embodiment of FIGURE 4. The TCP 
source may be arranged to responds to congestion no- 
tification from either the intermediate nodes, or from the 
receiver, or both. In the case of being responsive to 
both , it could be arranged to respond to either type in- 



dividually, or be arranged to control a flow on the basis 
of both types of notification simultaneously. The exam- 
ple of response to ISQs will now be described in more 
detail. 

5 [0083] At 51 0, an ISQ is received for this flow. Differ- 
ent flows, for each different source-receiver pair, will 
have their own process. If it is determined at 520 from 
the ISQ that the congestion level is severe, e.g. level 8 
in this example, then a rapid response is made. Other- 

io wise, a more measured, gradual control algorithm is car- 
ried out. 

[0084] The rapid response, 480, involves reducing the 
window by half and reducing the value of SSTHRESH 
by half. This value represents a threshold for the TCP 

is slow starting procedure. This defines how the window 
is Increased in size following a slow start, which Involves 
reducing the window to one. At 490, the value of 
ECISLACC is reset following this drastic window reduc- 
tion. If it was caused by a level 8 ISQ, the source infers 

20 that the packet was dropped, and retransmitted at 500. 
[0085] The example of the more gradual response in- 
volves incrementing a counter ECN_ACC, by the level 
of the congestion, 530. The counter reflects the number 
and severity of the congestion notifications received 

& over a time period for a given flow The flow is controlled 
by adjusting the window size. The window size indicates 
how many packets can be sent before the source must 
wait for an acknowledgment from the receiver. The 
source is constrained not to change the window size be- 
so fore the end of the current window, to meet standards, 
and ensure compatibility with receivers. Hence the 
counter may be incremented by numerous ISQs from 
successive packets, before the end of the window. The 
process returns at 450 to await the end of the window. 

3S The counter need only be compared, 460, to a thresh- 
old, at the end of the window. If the value of ECIM_ACC 
is below the threshold, at 470 the window is adjusted 
less drastically, depending on the value of ECISLACC. 
[0086] Exactly how the window is adjusted is a matter 

to for particular implementations. It could be incremented 
by one if the value of ECISLACC is less than four (<4) 
but greater than zero (>0). If less than zero (<0), the 
window could be exponentially incremented. If between 
four and eight, the congestion window might be left un- 

4S altered. If greater than or equal to eight (> or =8) the 
more drastic congestion reaction at 480 mentioned 
above, to cut the window and the value of SSTHRESH 
by hatf would be carried out. 

[0087] In another example, the source could react as 
so described above in relation to FIGURE 3, and react im- 
mediately to an incoming notification, without accumu- 
lating a score. This could be appropriate if the ISQ no- 
tification is implemented without the level of congestion 
indication, but with the selective sending of ISQs for a 
ss proportion of the packets, and with the preliminary check 
of the CE bit. 
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FIGURE 7 - embodiment using receiver baaed flow 
control 



FIGURE 8 
FIGURE 7 



. receiver actions In the example of 



[0088] FIGURE 7 shows actions in a similar manner 
to the diagram of FIGURE 4. There are two significant 
distinctions. Firstly, the TCP receiver, instead of sending 
an ACK with the ECN bit set, instead determines an of- 
fered window size and sends this with the ACK. Sec- 
ondly at the TCP source, instead of determining a re- 
vised window size on the basis of ECN notify bits in the 
ACK packets, instead takes the offered window size 
from the ACK signal, and uses that. The hardware or 
software in the iP receiver which is arranged to check 
the CE bit in the IP packet header, is an example of a 
packet reading meane for determining if the packet has 
been marked by any of the nodes through which it 
passed, to indicate congestion at that node. The hard- 
ware or software in the TCP receiver, or invoked by the 
TCP receiver, is an example of a packet flow control pa- 
rameter generator responsive to the packet reading 
means, for determining a packet flow control parameter. 

[0089] The offered window size is one example of a 
parameter for controlling the flow. Others can be con- 
ceived. Doing the windowsize calculation at the receiver 
has a number of benefits. Firstly, there will be a faster 
response, because the source need not wait for all 
ACKs, before being able to determine accurately wheth- 
er the proportion which have the ECN notify bit set is 
sufficient to change the window size. Secondly, redun- 
dancy is built in because many ACKs will be sent with 
a calculated window size. Thirdly, the accuracy of the 
calculation of the window size is not dependent on suc- 
cessful transmission of all the ACKs. 
[0090] The benefit of faster response can be illustrat- 
ed by an example of a worst-case scenario. If a group 
of ACKs are delayed by varying amounts so that some 
arrive at the source near the end of a window and others 
arrive later, If the source makes the window calculation, 
as in the prior art, it may determine that the next window 
be unaltered or larger, as only a few ACKs with ECN 
notify bits have arrived in time. In contrast, if the receiver 
makes the calculation, as soon as enough packets have 
arrived at the receiver with their CE bit set. thereafter all 
ACKs issued by the receiver will contain the reduced 
offered window size. These will be subject to varying de- 
lays in their path back to the TCP source. However, the 
fastest of them will trigger the window reduction at the 
TCP source. If the fastest one arrives before the end of 
the previous window, then the next window will be re- 
duced in size, and thereby the amount of congestion re- 
duced. This shows how receiver-based window calcu- 
lations may give a faster response than simply sending 
back ECN notify bits and allowing the TCP source to 
make the window size calculation. 



[0091] FIGURE 8 shows in more detail the actions of 
5 the receiver in response to the arrival packets, accord- 
ing to the example of FIGURE 7. When a packet is re- 
ceived, at 600, the flow is identified, from the source ad- 
dress field. At 610, the data in the packet is processed. 
Simultaneously or afterwards, at 620, there is a test for 
10 whether the packet has experienced congestion, as in- 
dicated by the ECN and ECT bits in the IP packet. If so, 
at 630, the value of ECN.RCVD, is incremented. This 
indicates an accumulation of how many packets have 
experienced congestion. Otherwise, if the packet has 
is not experienced congestion, at 640, the same value is 
decremented. 

[0092] In either case, the value of ECN .RCVD is test- 
ed to see if it is above a given threshold at 650. If so, 
drastic reduction in window size is made. Otherwise, a 
20 gradual alteration in the window size can be made, ac- 
cording to the precise value of ECN.RCVD, at 670. 
[0093] The new window size is then output as an of- 
fered window size in a field in the ACK packet. This is 
sent to the TCP source, at 680. 
25 [0094] Just how the window size or other control pa- 
rameter is calculated in the receiver need not be spec- 
ified or limited by a standard. This would enable future 
enhancements to be carried out without having to alter 
standards, or raising compatibility problems. The calcu- 
30 lation could be carried out as part of a separate software 
module which could be redefined independently of other 
modules. 

[009S] This would make it easier to tailor the calcula- 
tion to take account of receiver specific parameters. For 
35 example, the receiver might have a local policy if it is in 
a different network domain to the source. Local condi- 
tions such as local quality of service policies, or local 
network characteristics may dictate a different window 
size calculation algorithm. For example, part of the net- 
40 work may be implemented over wireless connections, 
or satellite connections, in which case different window 
sizes and different control of the window size may be 
appropriate to take account of the different delay char- 
acteristics. 

4S 

FIGURE 9 - TCP source actions for the example of 
FIGURE 7 



[0096] FIGURE 9 shows an example of flow control 
so actions of FIGURE 7 of the TCP source, where the re- 
ceiver contributes to the flow control. At 410, an ACK is 
received by the source, for the given flow. Again different 
flows would have their own processes, windows and 
counters as appropriate. At 800, it is determined if the 
ss ACK contains a new offered window size, in the appro- 
priate field in the ACK packet. It not, at 840, the source 
may check for an ECN notify bit, and process it as de- 
scribed in more detail below with reference to FIGURE 
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[0097] If there is an offered window from the receiver, 
this is stored for use at the end of the current window, 
at 81 0. At 820, the process returns to await more ACKs, 
until the end of the current window. Then at 830, the s 
stored offered window is used for the new window. It 
would be possible to calculate a source window and take 
the smaller of the source calculated and receiver calcu- 
lated window sizes, if it is desired to share the influence 
on the flow control between the source and the receiver. 10 
[0098] Where a number of offered windows of differ- 
ent sizes are sent back by the receiver, the source could 
choose the smallest, or some other selection algorithm 
could be implemented. 

15 

FIGURE 10, alternative embodiment using receiver 
based flow control 

[0099] FIGURE 1 0 shows in sequence chart form the 
actions of elements in a TCP/IP network corresponding 20 
to that shown in FIGURE 1, according to another em- 
bodiment showing flow control by delaying ACK at the 
receiver. This shows how the IP receiver may check the 
CE bit as in the example shown in FIGURE 7, but the 
actions of the TCP receiver and TCP source differ from 25 
that example. Instead of adding a window size to the 
ACK, or setting the ECN notify bit, as in FIGURE 3, the 
TCP receiver determines a delay for the ACK, based on 
the congestion indications from the current packet, and 
from preceding packets. The ACK is sent after the delay, 30 
and the TCP 6ource reacts accordingly. 
[01 00] The TCP source reacts to delayed ACKs by as- 
suming that the delays are being caused by congestion, 
and so reduces its flow rate by reducing the window size. 
As it does not rely on the source processing any ECN 35 
bits, this has the advantage that it can be used with non 
ECN capable sources, and needs no ECN negotiation 
when setting up a flow. Furthermore, there is no reliance 
on particular fields in a TCP packet header, so in prin- 
ciple it can be used with other layer four protocols run- 40 
ning over IP. The receiver could be arranged to set the 
ECN notify bit as well, for the source to use if it is ECN 
capable, since these may enable the receiver to control 
the flow more accurately, since they will make the 
source response less dependent on any transit delays 45 
for the ACKs. 

FIGURE 11, - alternative TCP source actions for the 
example of FIGURE 4,7 or 10 

60 

[0101] Figure 11 showsan example of flow control ac- 
tions of FIGURE 4,7 or 1 0 of a TCP source receiving an 
ACK with the ECN notify bit set. This response may be 
arranged to occur in conjunction with or as an alternative 
to flow control based on other inputs. If an ACK is re- ss 
ceived at 410, the TCP source determines at 420 if the 
EC notify bit has been set. If so, an accumulating count 
of congestion notifications, labelled ECN_ACC is incre- 



mented at 430. Otherwise, at 440, if an ACK is received 
without the EC notify bit being set, the value of 
ECN_ACC is decremented at 440. The process returns 
at 450 to await the end of the window. At the end of the 
window, the window adjustment may be made in the 
same way as described in relation to FIGURE 6, refer- 
ence numerals 460 - 500. By accumulating a score of 
congestion notifications, instead of reacting to the first 
notification in each window, as described with respect 
to figure 3, better control can be achieved. For example 
transient congestion once per window may not merit re- 
ducing the window size. 

Hardware examples. 

[0102] In principle, the source, receiver, router, and 
other elements described above, could be implemented 
on a wide range of different types of well known hard- 
ware. If speed of operation or capacity are not overriding 
factors, the OSI layer 3 and 4 functions could be imple- 
mented as software processes on a general purpose 
workstation. Dedicated hardware could be used for spe- 
cific functions to improve speed, as would be well 
known. Protocol specific hardware such as linecards, 
and physical transmission links between remote com- 
puters would be used for lower OSI layer functions. The 
choices are matters of implementation following estab- 
lished principles, and need not be described further 
here. 

Other Variations 

[0103] Although in the embodiments described, TCP 
is used, other similar OSI layer four protocols may be 
used. Likewise, although examples have been de- 
scribed using IP, other OSI layer three protocols may be 
used as appropriate. The intermediate nodes have been 
described using the example of a router, though this 
should not be read as excluding other intermediate 
nodes where congestion could occur. 
[01 04] Other variations within the scope of the claims 
will be apparent to persons of average skill in the art, . 
and are not intended to be excluded. 



Claims 

1. Packet routing apparatus for routing packets in a 
network comprising a source node, and a receiver 
node, and other nodes, the routing apparatus com- 
prising: 

input means for receiving a packet passed 
across the network from the source node; 
a congestion monitor for determining a degree 
of congestion at the routing apparatus; and 
output means coupled to the input means and 
to the congestion monitor , for sending an indi- 
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cation of this degree of congestion to the source 
nods, using an QS1 network layer protocol. 

I The routing apparatus of claim 1 the network layer 
protocol being an Internet Protocol. 

I. The routing apparatus of claim 2 the Internet Proto- 
col used being the Internet Control Message Proto- 
col Source Quench message. 

4. The routing apparatus of claim any of claims 1 to 3 
wherein the indication to the source is made pro- 
portional to how much the packets from the source 
contribute to the congestion, relative to packets 
from other nodes. 

5. The routing apparatus of claim 4 further comprising 
an output rate adapter for making the indication pro- 
portional by adapting the rate of sending indica- 
tions. 

6. The routing apparatus of any of claims 1 to 5, further 
comprising a packet queue, the congestion monitor 
being arranged to operate according to how full is 
the packet queue. 

7. The routing apparatus of any of claims 1 to 6, further 
comprising a packet marker means for marking the 
packet to indicate it has experienced congestion. 

8. The routing apparatus of any of claims 1 to 7, further 
comprising means for determining from the packet, 
if it has previously triggered a sending, to the source 
node, of an indication of congestion, the output 
means being operable according to whether such 
an indication had been sent previously. 
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A source apparatus for use in a packet network 
comprising a plurality of nodes, the apparatus com- 
prising: 

output means for sending a packet via an inter- 
mediate one of the nodes in the network to a 
receiving one of the nodes; 
input means for receiving from the intermediate 
one of the nodes an indication of a degree of 
congestion at that intermediate one, sent using 
an OSI network layer protocol, in response to 
the packet; and 

a controller for controlling a flow of further pack- 
ets to the receiving node on the basis of the in- 
dication. 



network; 

determining a degree of congestion at the rout- 
ing node; and 

sending an indication of this degree of conges- 
tion to the source node, using an OSI network 
layer protocol. 

11. The method of claim 10, further comprising the step 
of, at the source node: 

receiving from the intermediate routing node 
the indication of the degree of congestion; and 
controlling a flow of further packets to the re- 
ceiving node on the basis of the indication. 

12. A method of processing packets in a network com- 
prising a receiver node, a source node and at least 
one intermediate routing node, the method com- 
prising the steps of, at the source node: 

sending a packet to the receiver node; 
receiving from the intermediate routing node an 
indication of a degree of congestion at that in- 
termediate routing node, sent using an OSI net- 
work layer protocol, in response to the packet; 
and 

controlling a flow of further packets to the re- 
ceiving node on the basis of the indication. 

13. The method of claim 12, further comprising the step 
of receiving from the receiver node a flow control 
message, the step of controlling the flow of further 
packets being made also on the basis of this flow 
control message. 

14. Packet routing apparatus for routing packets in a 
network comprising a plurality of nodes, the routing 
apparatus comprising: 

an input for receiving a packet passed across 
the network; 

a congestion monitor for determining conges- 
tion in the routing apparatus; 
a packet reader for determining from the pack- 
et, if it has previously triggered a sending, to 
the source node, of an indication of congestion 
at another of the intermediate routing nodes; 
and 

an output for sending an indication of conges- 
tion to the source node according to whether 
such an indication had been sent previously. 



45 



50 



10. A method of processing packets in a network com- 
prising a receiver node, a source node and at least 
one intermediate routing node, the method com- 
prising the steps of: at one of the intermediate rout- 
ing nodes, receiving a packet passed across the 



16. A method of processing packets in a network com- 
55 prising a receiver node, a source node and at least 
one intermediate routing node, the method com- 
prising the steps of, at one of the intermediate rout- 
ing nodes. 
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receiving a packet passed across the network; 
determining congestion in the routing appara- 
tus; 

determining from the packet, if it has previously 
triggered a sending, to the source node, of an 
indication of congestion at another of the inter- 
mediate routing nodes; and 
sending an indication of the congestion to the 
source node according to whether such an in- 
dication had been sent previously. 

16. The method of claim 15, the packet being an Inter- 
net Protocol packet, and the step of determining 
from the packet, if it has previously triggered a send- 
ing of an indication comprising checking the Con- 
gestion Experienced bit in the packet header. 

17. The method of claim 15, the step of sending an in- 
dication not being carried out if the indication had 
been sent previously, unless the routing apparatus 
discards the packet. 

18. A method of using an application to transmit data 
across a network, the application causing the net- 
work to use a packet routing apparatus as set out 
in claim 1 , to transmit the data. 

19. Software stored on a computer readable medium 
for carrying out the method of any of claims 1 0 or 1 2. 

20. A receiver apparatus for use in an Internet Protocol 
network comprising a plurality of nodes, the appa- 
ratus comprising: 
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a flow controller coupled to the packet sending 
means for controlling a rate of flow of sending 
further packets from the sending means to the 
receiving node on the basis of the packet flow 
control parameter. 

22. The source node apparatus of claim 21 the receiver 
being capable of receiving congestion notification 
messages from other nodes in the path of the pack- 
et between the source node and the receiving node, 
the flow controller being operable to control the rate 
of flow on the basis of the congestion notification 
messages received from the other nodes. 

23. A method of processing packets in an Internet Pro- 
tocol network comprising a receiver node, a source 
node and intermediate nodes, the method compris- 
ing the steps of: at the receiver node, 

receiving a packet sent across the network us- 
ing the Internet Protocol; 
determining if the packet has been marked by 
any of the nodes through which it passed, to 
indicate congestion at that node; 
determining a packet flow control parameter on 
the basis of the determination of a marking; and 
sending a message to the source node across 
the Internet Protocol network, to control the 
flow of packets from the source node, accord- 
ing to the packet flow control parameter. 

24. The method of claim 23 further comprising the steps 
of: at the source node, 



input means for receiving a packet sent across 3S 
the network using the Internet Protocol; 
packet reading means for determining if the 
packet has been marked according to the Inter- 
net Protocol by any of the nodes through which 
it passed, to indicate congestion at that node; 40 
a packet flow control parameter generator re- 
sponsive to the packet reading means, for de^ 
termining a packet flow control parameter; and 
output means for sending a message to the 
source, to control the flow of packets from the 46 
source, according to the packet flow control pa- 
rameter. 



receiving the message; and 
controlling a rate of flow of sending further 
packets to the receiving node on the basis of 
the message. 



21 . A source node apparatus for use in an Internet Pro- 
tocol network comprising a plurality of nodes, the so 
apparatus comprising: 

a packet sending means for sending a packet 
using across the Internet Protocol network to 
one of the nodes acting as a receiving node; ss 
a receiver for receiving from the receiving node 
a packet flow control parameter sent across the 
Internet Protocol network; and 
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